Summary Scots pine (Pinus sylvestris L.) seedlings were grown under different conditions (three field locations, two seasons and two climate room regimes), and then analyzed for freezing tolerance of shoots and roots and for transcript abundance in apical buds based on a cDNA microarray containing about 1500 expressed sequence tags (ESTs) from buds of cold-treated Scots pine seedlings. In a climate room providing long daily photoperiods and high temperatures, seedlings did not develop freezing tolerance, whereas seedlings in a climate room set to provide declining temperatures and day lengths developed moderate freezing tolerance. Control seedlings grown outside under field conditions developed full freezing tolerance. Differences in physiological behavior of the different seedling groups, combined with molecular analysis, allowed identification of a large group of genes, expression of which changed during the development of freezing tolerance. Transcript abundance of several of these genes was highly correlated with freezing tolerance in seedlings differing in provenance, field location or age, making them excellent candidate marker genes for molecular tests for freezing tolerance.
Introduction
Plants may experience, and so must adapt to, many adverse environmental conditions including drought, soil salinity and extremes of temperature (reviewed by Pearce 1999 , Thomashow 1999 ). Short exposures to near-freezing temperatures induce a transient stress response in most plants, and many woody species have adapted to their native climate by arresting growth and becoming frost hardy during autumn and winter. The capacity for frost hardening is especially important for perennial plants in colder climates. Through cold acclimation, many trees can develop seasonal freezing tolerance to at least -50°C, whereas in their non-acclimated state they would be killed by temperatures below -10°C (Li et al. 2004 ). The maximal capacity for cold acclimation varies according to organ and tissue type, species, provenance and exposure temperature (reviewed by Beck et al. 2004 , Li et al. 2004 .
When non-acclimated plants are exposed to near-freezing temperatures, membrane fluidity decreases causing membrane rigidification. This triggers a signal transduction cascade involving structural rearrangement of the cell followed by a transient increase in cytoplasmic calcium, which in turn triggers gene expression (reviewed by Viswanathan and Zhu 2002, Chinnusamy et al. 2004) . At low temperatures root water absorption may be reduced, resulting in dehydration stress, and ice crystal formation in the apoplast imposes osmotic stress on the plant cell. Molecular responses to low temperature and drought have been shown to partly overlap, resulting in similar physiological adaptations (Seki et al. 2002 , Li et al. 2004 ).
There have been many studies on the cold response of the model herbaceous plant, Arabidopsis, based on expression profiling of cold-induced gene expression or mutant screening to identify important regulator genes (reviewed by Zhu 2001 . Many cold-and dehydration-responsive genes share a conserved DNA sequence (CRT (C-repeat)/DRE (dehydration-responsive element)) in their promoter, which can confer both cold-and dehydration-responsive gene expression. A family of AP2-domain transcriptional activators, known as either the CBF (CRT binding factor) or the DREB1 (DRE binding) proteins, bind to the CRT/DRE element and activate transcription in response to cold or dehydration stress (reviewed by Thomashow 2001 . Overexpression of the CBF/DREB1 proteins in Arabidopsis increases freezing and dehydration tolerance of transgenic Arabidopsis plants as a result of the constitutive expression of several cold-and dehydration-responsive genes, and the accumulation of solutes that have cryoprotective properties (Jaglo-Ottosen et al. 1998 , Gilmour et al. 2000 .
Gene microarray studies with cold-shocked Arabidopsis plants have led to the identification of cold-induced genes that belong to a variety of functional groups (Fowler and Thomashow 2002) . Prominent gene classes that can be cold induced include transcription factors (including CBF and downstream targets), cold responsive (COR)/late embryogenesis abundant (LEA) proteins (hydrophilic polypeptides thought to play roles in cryoprotection) and proteins with roles in sugar accumulation (Fowler and Thomashow 2002, Seki et al. 2002) .
Sustained yield from commercially exploited forests requires a supply of millions of seedlings annually. The planting stock for reforestation is produced by nurseries that rely on tight scheduling of operations to deliver seedlings to the planting site. A critical step in forest tree nursery production is the transfer of seedlings to cold or frozen storage. Cold storage is required to prevent winter damage, especially in containergrown seedlings, and to keep planting stock inactive until it reaches the planting site. To assess whether seedlings are physiologically fit for cold storage, fast and reliable markers of their physiological state are needed. Molecular markers for cold tolerance would be a great improvement over the physiological tests currently available, which are labor-intensive and take up to 2 weeks to perform. Molecular markers for physiological status have already been implemented in breast cancer treatment, where transcript abundance profiling tests that are able to assess the risk of distant metastasis became commercially available in 2004 (Garber 2004) . More recently, molecular markers that predict the likelihood of a chemotherapy response have been identified (Gianni et al. 2005) .
To identify candidate marker genes that are activated during development of cold hardiness, we correlated physiological and molecular responses in Scots pine (Pinus sylvestris L.) seedlings. During climate room and field trials at different locations, samples were simultaneously analyzed for freezing tolerance, dormancy and transcript abundance, and photoperiod and ambient temperature were also recorded. This approach allowed us to quantitatively determine the correlation between climate, physiological response and transcript abundance for a large number of genes, and to identify potential marker genes for cold hardiness.
Materials and methods

Plant materials and growth conditions
Scots pine provenance A70, derived from a British seed orchard comprising tested clones with good progeny performance, was used as the standard provenance. Seedlings of A70 (1 year old) were grown in Roslin, Midlothian, U.K. (55°51′ N 03°11′ W), in Arslev, Denmark (55°18′ N, 10°27′ E) and in Garpenberg, Sweden (60°17′ N, 16°12′ E). At each location, a local provenance was grown alongside the standard provenance. These were N401 (U.K.), Lindås (Denmark) and Åmsele (Sweden, derived Samples were taken biweekly from field experiments performed during two consecutive seasons (2001-2002 and 2002-2003) for molecular and physiological analyses. In the first season, 1-year-old A70 (U.K. and Denmark), N401 (U.K.) and Lindås (Denmark) seedlings were tested, and in the second season 1-and 2-year-old A70 (U.K. and Sweden) and Åmsele (Sweden) seedlings were tested. Tissues harvested from each sample were used to determine shoot and root freezing tolerance and for mRNA isolation. Ambient air temperature and day length were recorded at each harvest.
Seedlings were replicated (by lift date) at each location in a randomized block design. All data were transformed before being subjected to statistical analysis.
Physiological measurements
Freezing tolerance was estimated by shoot ) and root electrolyte leakage (REL diff -5 ) as described below. Shoot samples or rinsed root samples were placed in glass bottles that were capped and subjected to a simulated frost in a programmable freezing cabinet. A baseline measurement was taken by exposing the tissue to +4°C (baseline temperature), and freezing tolerance was estimated by cooling to a test temperature of -5, -15 or -25°C. Test samples were cooled from 15 to 1°C in 1 h, further cooled to the set minimum test temperature at 2°C h -1 , maintained at the set temperature for 3 h, warmed at 3°C h -1 to 1°C and then returned to 15°C in 1 h. By using a low freezing rate and leaving a small amount of free water on the tissue, freezing occurred as in intact trees in nature, and rapid cooling injury by intracellular ice formation was avoided (Levitt 1980) . All shoot and root freezing experiments were performed on 15 samples, derived from 15 seedlings, except for the root electrolyte leakage experiments in Sweden, where roots from five seedlings were independently analyzed each time.
After exposure to test or baseline temperatures, the samples were rinsed in de-ionized water and left in distilled water for 24 h at room temperature. Conductivity of the distilled water was measured after 24 h and again after autoclaving (10 min, 110°C), once samples had been allowed to cool to room temperature. Conductivity was measured with a platinum electrode (k = 1.0) with built-in temperature compensation. Conductivity after 24 h was expressed as a percentage of the autoclaved value after correcting for the conductivity of distilled water (McKay 1992) . Finally, the baseline electrolyte leakage was subtracted from the test (post-freeze) electrolyte leakage values to obtain SEL diff and REL diff . Therefore, SEL diff represents the relative amount of electrolyte leakage after exposure to the given temperature in comparison to the electrolyte leakage of a non-frozen control sample. The application, validity and interpretation of SEL diff have previously been discussed (Brønnum 2005) .
To facilitate easy comparison of the physiological data with the molecular data, electrolyte leakage was expressed as electrolyte retention. The percent shoot or root electrolyte leakage (SEL diff -25 , SEL diff -15 and REL diff -5 ) was subtracted from 100 and divided by 10 to obtain percent shoot or root electrolyte retention (SER diff -25 , SER diff -15 and RER diff -5 ). The cold index (number of hours when ambient temperature was below +4°C) was divided by 300 (CI), the cold index of the previous 2 weeks (number of hours during the previous 2 weeks when ambient temperature was below +4°C) was divided by 100 (CI pfn) and day length was divided by -4 to obtain relative day length (RDL). Hereafter, we refer to these transformed physiological parameters in comparisons with the molecular data.
RNA isolation and cDNA library construction
To prepare cDNA libraries, RNA was isolated from apical buds from local field-grown Dutch provenances of Scots pine in The Netherlands, as described by Chang et al. (1993) . For library construction, mRNA was extracted with Dynabeads (Invitrogen, Carlsbad, CA). Cold-acclimated apical buds harvested in December 1997 from an unknown local provenance growing in Boskoop, The Netherlands, were used to prepare a cDNA expression library, using the λ-ZAP II system (Stratagene, La Jolla, CA).
To make subtraction libraries enriched for genes involved in cold tolerance, three additional mRNA samples were prepared from seedling apical buds from the field-grown provenance "Vosterbos" originating from The Netherlands. These were cold-acclimated buds harvested in February 2001 (quiescent), buds harvested in April 2001 from seedlings that had already resumed growth (released) and buds harvested from seedlings that had been exposed to an additional short-term low temperature treatment in February 2001 (cold treated: artificial decreasing temperature regime from 20°C to -10°C in steps of 5°C h -1 ). Two cDNA subtraction libraries were made with the PCR Select cDNA Subtraction kit (BD Biosciences Clontech, Mountain View, CA). To produce a quiescent-enriched library, RNA from the quiescent sample was used as the tester and a mixture of equal portions of RNA from the cold-treated and the release samples was used as the driver. To produce a cold-enriched library, RNA from the cold-treated sample was used as the tester and a mixture of equal portions of RNA from the quiescent and the release sample was used as the driver. The Advantage PCR kit (BD Biosciences Clontech, Mountain View, CA) was used to amplify these libraries, and the PCR products were randomly cloned into the pGEM-T Easy Vector (Promega, Madison, WI).
Preparation of the cDNA microarray
We performed PCR with universal primers (M13 forward and reverse) on individual bacterial colonies to generate PCR products from individual cDNA inserts. About 2000 cDNA fragments larger than 500 bp were selected for further analysis. These PCR products were purified with Multiscreen FB 96-well plates according to the spin protocol (Millipore, Billerica, MA) and subjected to DNA sequence analysis using the big dye terminator cycle sequence ready reaction kit (Applied Biosystems, Foster City, CA). To predict gene function, the resulting sequence data were compared with sequences in GenBank. To determine the number of unique genes and to reduce the amount of redundancy on the microarray, a contig analysis of the EST sequences was performed (software; Seqman 11, DNASTAR). The 1900 EST sequences assembled into 1080 contigs. Some sequences were found frequently in the different libraries, resulting in relatively large contigs. From the 1900 clones, 1451 genes were selected for spotting on the microarray, based on an attempt to include the maximum number of different genes, or different fragments from the same gene on the microarray. These included 803 clones from the cDNA expression library, 351 from the cold-enriched library and 297 from the quiescent-enriched cDNA library. Additional genes were added to give a total of 1536 genes. These included amplified fragment length polymorphisms (AFLP) fragments and some genes that have been reported to be associated with plant stress or dormancy. Additionally, several control genes were spotted on the array. To increase the reliability of the data, all clones were spotted on different regions of the microarray in duplicate, as described by Soeda et al. (2005) .
Labeling, hybridization and data analysis
To compare the microarray results, a common reference was used in each hybridization. The common reference was made from a mixture of Scots pine buds to avoid a biased representation of certain RNA species in the common reference. This mixture included Scots pine buds harvested in The Netherlands on March 26, 2002, from the provenance "Grubben-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com vorst" that were already starting to swell, indicating partial loss of cold tolerance, and buds from several local Danish provenances harvested on March 30, 2002 , that were still dormant and cold tolerant. Forty µg of total tester RNA (from samples from the different experiments) was used for labeling, whereas 80 µg total RNA was used for the common reference. Fluorescent labeling, pre-hybridization and hybridization were performed according to Soeda et al. (2005) . Gene Frames used for this array were 1.5 × 1.6 cm (Abgene, Epsom, U.K.). Slides were scanned on either a Scanarray 3000 (Perkin Elmer) or a Scanarray express HT (Perkin Elmer), and raw data were exported to an Excel spreadsheet for analysis.
Non-hybridizing yeast clones were used to calculate background values for each hybridization. After subtraction of background values, data were corrected for relative dye intensity based on median normalization, and the resulting hybridization intensities and ratios analyzed. To ensure that only reproducible differences in transcript abundance were included in the analysis, the following criteria were used. Only data from cDNAs with absolute hybridization intensities of more than 1.5 times background in both duplicate spots were used. The analysis was performed on the mean of the duplicate spots, providing that they were sufficiently similar. When duplicate ratios differed by more than 0.8, both ratios were excluded from the analysis.
Transcript abundance data for 50 different samples and 1500 different genes were combined in an Excel spreadsheet together with the relevant transformed physiological and environmental data and then imported simultaneously into GeneMaths and analyzed by linear regression, hierarchical clustering and principal component analysis. Pearson correlation coefficients were independently calculated for each cDNA or gene for comparison with each physiological parameter. The significance of each correlation coefficient was determined by the Student t test. Based on the Pearson correlation of each cDNA to SER diff -15 in the climate room experiment, a subset of cDNAs for which transcript levels correlated significantly to cold tolerance was selected and designated the descriptive gene set. From the descriptive gene set, genes for which RNA levels increased or decreased by at least 5-fold between Weeks 37 and 47 in samples from the climate room experiment and which had a Pearson correlation of 0.75 and P < 0.05 were selected as potential candidates. Principal component analysis (PCA) is a method based on singular value decomposition (SVD) with the objective of determining a new coordinate system. This data transformation results in two or three components explaining the majority of the variance in the data. The biplot represents both the row-and column-reduced information. This strategy enables a simple representation and facilitates interpretation of complex multidimensional data (Chapman et al. 2002) .
Chip to chip variation among hybridizations was estimated by performing repeated hybridizations and swapped dye experiments. Furthermore, all cDNAs were spotted in duplicate on each array, and the presence of multiple cDNAs representing the same gene allowed monitoring of internal chip variation.
Northern blot analyses
Northern blot analyses were performed according to standard protocols. Eight µg total RNA was subjected to gel electrophoresis in a 1.2% agarose gel containing glyoxal with a 15 mM sodium phosphate buffer, pH 7, and 0.5 mg l -1 ethidium bromide. Gels were blotted overnight onto Hybond N1 (Amersham) membrane in 7.5 mM NaOH. Hybridization was done overnight in dextransulfate containing 0.18 mg ml -1 herring sperm DNA and 32 P-labeled probe (PCR fragment labeled using the Megaprime DNA-labeling System kit (Amersham RPN 1604)) at 65°C. The blot was washed with 2 × SSC containing 0.1% SDS followed by 0.2 × SSC containing 0.1% SDS at 65°C. Bands were detected with phosphorimaging screens and were scanned with an FX Pro Plus molecular imager (Bio-Rad Laboratories, Hercules, CA). The ribosomal RNA bands visible in the ethidium-bromide-stained gels scans were used to correct for loading differences (generally < 10%).
Results
Overview of microarray and physiology measurements
Samples from different experiments (field and climate room), locations, provenances and ages were selected for molecular analysis based on a cDNA microarray constructed using cDNA clones from three Scots pine bud cDNA libraries. About 1900 expressed sequence tags (ESTs) were sequenced from the three libraries. Contig analysis revealed that certain genes were represented by a large number of cDNA clones. For example, more than 80 dehydrin cDNAs were found that could be divided into eight contigs representing different genes, each containing between two and 27 cDNAs. Based on the "YSK" nomenclature scheme (Close 1997 ), the eight dehydrins identified belonged to the SK4 class (Psdhn1; Accession No. AJ289610), SK2 class (Psdhn2; Accession No. AJ512361) and K2 class (Psdhn3-8, Accession Nos. AJ512362-7).
Three contigs encoding pathogenesis-related proteins were found, each containing 14-17 cDNAs, and a group of 24 cDNAs with homology to a drought-stress-induced gene from loblolly pine (LP3: Padmanabhan et al. 1997 ) could be divided into four groups, representing putative Scots pine LP3 family members. The frequent occurrence of these genes indicates that their transcripts were relatively abundant in the tissues used to make the libraries, suggesting their involvement in cold-acclimation-related processes. A limited number of cDNAs representing these large contigs were spotted on the array. All together, the cDNAs, AFLP fragments and control clones spotted on the array represented about 1100 individual genes. Figure 1 illustrates the overall set-up of the experiments and an overview of the physiological and molecular data. We searched for large changes in transcript level that were both statistically significant and correlated to physiological state in a range of experiments, and might therefore serve as molecular markers for frost hardiness. Samples from three locations (Scotland, Denmark and Sweden; Figure 1A ), four provenances (A70, N410, Lindås and Åmsele; Figure 1B ), two types of experiments (field or climate room; Figure 1C ) and two ages (1-and 2-year-old seedlings; Figure 1C ) were used for microarray hybridizations. The climate room experiment was performed in Scotland with 1-year-old seedlings and included a field control. Separately, a field experiment was performed in Scotland, Denmark and Sweden to compare location differences. The samples from each experiment are ordered chronologically by week ( Figure 1D ) to illustrate the changes in physiological behavior and transcript abundance over time ( Figure 1E ). The transformed physiological data are shown in Figure 1F .
Genes could be divided into a small number of distinct groups, based on changes in transcript abundance over time ( Figure 1E ). High transcript abundance relative to the common reference is shown as red, similar transcript abundance to the common reference is indicated as black and low transcript abundance compared with the common reference is indicated as green. Transcript abundances of a large group of genes increased over time during each experiment (color change from green/black to black /red), whereas another group of genes exhibited reduced RNA amounts over time (color change from red/black to black /green). In all field-grown samples, climatic drivers and physiological parameters increased over time, with differences in the rate and onset of the increase depending on location and provenance. Late in the season, SER diff -25 and RER diff -5 were high, indicating high frost tolerance, and RDL and CI pfn were at their maximum values (reflecting the shortest day length and lowest temperatures during the study). The increase in cold tolerance during the fall was accompanied by a major switch in transcript abundance, resulting in the activa- tion of one group of genes and the shutdown of another group of genes. From these groups of genes, a subset was selected to characterize the molecular responses of the seedlings.
Climate room experiment
To assess the effects of temperature ( Figure 2A ) and day length ( Figure 2B ) on the acquisition of freezing tolerance, seedlings were placed in climate rooms and exposed to either constant temperature and day length (CR constant) or to decreasing temperature and day length (CR decreasing), simulating mild autumn conditions. A similar group of seedlings was grown in the field under normal autumn conditions to serve as a control group. Only the field-grown seedlings were exposed to temperatures below 4°C (Figure 2A ). Frost hardiness, as measured by SER diff -25 increased in seedlings in each treatment during the first 4 weeks ( Figure 2C ). From Week 41 onward, seedlings in the CR constant treatment did not increase in frost hardiness, whereas the control field-grown seedlings became fully frost hardened and seedlings in the CR decreasing treatment developed an intermediate degree of frost hardiness ( Figure 2C ), indicating the importance of temperature and day length in the control of frost hardiness development. Seedlings in the CR constant and CR decreasing treatments did not develop significant root frost tolerance, assessed at -5°C (data not shown). When samples were characterized based on their transcript abundance profiles, similar differences among the three treatments were observed. In a principal component analysis of climate room samples based on the hybridization patterns of all detectable spots on the array, the first and the second principle components together explained 81.6% of the variance and were closely correlated with the observed states of shoot cold tolerance ( Figure 2D ), indicating that the hybridization patterns of the genes on the array are useful indicators of the physiological state of the seedlings. Samples from the CR constant treatment clustered with the early stage samples from the CR decreasing and field treatments. The CR constant samples developed no frost tolerance, and the early samples from the other treatments had not yet become cold tolerant. Their clustering in the PCA plot illustrates that the transcript abundance profiles of the seedlings in these samples paralleled their physiological characteristics. In contrast, the later field samples were located more to the top right in the PCA plot, indicating their relatively high frost hardiness, whereas later samples from the CR decreasing treatment were located in the middle section of the PCA plot, corresponding to their intermediate degree of frost tolerance.
Selection of a descriptive gene set
To identify genes with transcript abundance patterns that were correlated to cold tolerance, the RNA transcript profiles of all 1302 JOOSEN ET AL.
TREE PHYSIOLOGY VOLUME 26, 2006 cDNAs on the microarray were compared with the SER diff -15 pattern in the climate room experiment based on Pearson correlations. The distinct differences in physiology, climatic conditions and transcript abundance profiles among the treatments from the climate room experiment in Scotland (field, CR constant and CR decreasing) were exploited to identify a descriptive gene set that would characterize samples from other experiments and locations. Those cDNAs with a signal on the microarray above background in at least 15 of the 20 samples of the climate room experiment and with a significant (at the 0.05 level) positive or negative Pearson correlation between relative transcript abundance and SER diff -15 greater than 0.45, were included in the descriptive gene set. Transcript levels from genes with a positive correlation increased during the acquisition of frost tolerance, indicating a potential role of these genes in the hardening process. The RNA transcripts of these genes did not increase in response to the CR constant treatment and these seedlings did not become frost tolerant. In contrast, genes with a negative correlation decreased in expression during the acquisition of frost hardiness. Many of these genes switched off as early as Week 39 in the field samples and their transcript abundances correlated to active growth in the summer. These genes remained active in seedlings in the CR constant treatment and switched off much later than Week 39 in seedlings in the CR declining treatment. Other genes were also negatively correlated to SER diff -15 , but remained active longer into the fall, indicating a potential role in initiating the response to short days and decreasing temperatures. For these genes, transcript abundances remained high in the CR constant seedlings, whereas in the CR declining treatment experiment, transcript abundance was similar to that in field-grown seedlings. The cDNAs for which RNA levels declined during hardening represent genes involved in active growth, which shut down during the winter. Many encode genes involved in translation, primary and secondary metabolism, and cell wall biosynthesis. A relatively small number of stress-related genes fall into this group. Genes that increased in expression in parallel with the increase in cold tolerance play a role in the cold response, adaptation and hardening process. This group included a large number of stress-related genes, as well as genes involved in biosynthesis of cellular components that can protect against stress (e.g., osmotic, antimicrobial or antifungal compounds, and LEA proteins). Additionally, several primary and secondary metabolic genes as well as transporter proteins were induced. Figure 3 shows an overview of the corresponding gene classes that were up-or down-regulated in our experiments during the transition from active growth to quiescence and frost hardiness.
The expression profile of the descriptive gene set provided a useful molecular signature of the various bud samples and allowed characterization of the samples from the field experiments. Individual candidate marker genes that might be useful for application in a nursery setting were selected from the descriptive gene set as follows. We chose genes that displayed a high relative change in expression over the season and whose expression showed a strong correlation to physiological parameters. For those genes that were represented by multiple spots on the microarray, the mean ratios of the different spots were used, providing that spot to spot variation was low.
Selection of candidate marker genes
The genes from the descriptive gene set are all potential candidates as molecular markers of frost hardiness. To select the best candidates, a more stringent selection was made focusing on genes with a high significant correlation and a large relative change in expression during frost hardening. Table 1 lists these candidate marker genes (bold) and some additional potential marker genes grouped by predicted functional category and expression pattern. Genes with a positive Pearson correlation (representing up-regulated genes) are at the top of the list and genes with a negative Pearson correlation (representing down-regulated genes) are at the bottom of the list. The expression pattern of four of these genes was confirmed by northern blots with RNA samples from the climate room experiment. Figure 4 shows northern blots for early light inducible protein ( Figure 4A ), putative gamma thionin protein ( Figure 4B ), thaumatin like protein ( Figure 4C ) and ribosomal protein S26 ( Figure 4D ), and two graphs containing relative hybridization intensities of thaumatin like protein ( Figure 4E ) or ribosomal protein S26 ( Figure 4F ) for the northern blot and microarray together. The first three genes, which are highly up-regulated during frost hardening, were easily detected by northern blot and reproducibility with the microarray data was high (Pearson correlations of 0.90, 0.89 and 0.91 between blot and array data, respectively). The RNA transcripts of the ribosomal S26 subunit gene declined during frost hardening in the microarray and in the blot experiment. The decline in RNA transcript abundance observed on the cDNA microarray was steeper compared with the northern blot ( Figure 4F ), resulting in a lower Pearson correlation (0.63) between these independent methods for this gene than for the other three genes.
The average 2log expression ratios relative to the common reference of the candidate marker genes in all the climate room samples and their relation to the physiological and environmental parameters in this experiment are shown in Table 2 . At the bottom right of shown. Although SER diff -25 and SER diff -15 were highly correlated, they did not correlate well with RER diff -5 , perhaps because roots did not develop frost hardiness in the climate chambers. There was a good correlation between SER diff -25 and RDL, which explains why genes whose expression profiles correlated strongly to SER diff -15 also showed good correlations to SER diff -25 and RDL.
Location effect
To assess the effect of environmental conditions on the predictive value of the candidate marker genes, samples from the standard provenance A70 were grown and analyzed simultaneously in Scotland and Denmark, and compared with an experiment performed the following year in Sweden. As shown in Figure 5 , the environmental conditions at these three locations differed. Although Denmark and Scotland are roughly on the same latitude and have similar day lengths, the temperature in Denmark is generally lower than in Scotland. Day length declines more rapidly in Sweden, whereas temperature drops much earlier in the season ( Figure 5A ). These conditions affect the physiological behavior of the seedlings (grown from the same seed lot under similar greenhouse conditions) as shown in Figure 5B . In Scotland, the native A70 seedlings took longer to develop cold tolerance, whereas in Sweden the increase in cold tolerance occurred earlier and progressed further ( Figure 5B ; data not shown).
TREE PHYSIOLOGY VOLUME 26, 2006 Analysis of transcript levels from genes of the descriptive gene set indicated that shifts in transcript abundance accompanied the changes in physiology at each location (data not shown), and expression of the individual candidate marker genes showed a good correlation to the physiological parameters (Table 3) indicating their potential usefulness as molecular markers of frost hardiness. Unlike in the climate room experiment, the RER diff -5 in this experiment showed a good correlation to both SER diff -25 and RDL, indicating that root hardening progressed at a similar rate to shoot hardening. Transcript abundance showed a better correlation with RER diff -5 than with SER diff -25 (Table 3 ) in this experiment.
Provenance effect
Samples from the standard provenance A70 and a local provenance were compared in a single experiment to assess the predictive value of the descriptive gene set for different provenances under the same climatic conditions. In Denmark, A70 was compared to the local provenance Lindås, and in Sweden, A70 was compared to the local provenance Åmsele. As shown in Figure 6A , the temperature in Sweden starts declining much earlier than in Denmark (earlier increase in CI pfn), and day length declines slightly faster (steeper slope of RDL in Figure 6A) .
At both locations, the local provenance outperformed the standard provenance from Scotland. In Denmark, the local provenance, Lindås, preceded A70 in acquisition of cold tolerance. In shoots, Lindås cold tolerance increased between Weeks 39 and 41, whereas A70 showed a similar increase between Weeks 41 and 43 ( Figure 6B ). In roots, Lindås reached a high degree of cold tolerance in Week 47, whereas A70 took longer to reach that level, resulting in a similar degree of root and shoot frost hardiness in both provenances by Week 51 (Figures 6B and 6C ). In Sweden, the local provenance, Åmsele, already had a higher cold tolerance at the onset of the experiment (Week 38) and stayed ahead of A70 for the rest of the season (Figures 6B and 6C ). Only in roots did the standard provenance reached a similar degree of frost tolerance as the local provenance ( Figure 6C ). The non-local provenance A70 had difficulty adapting to the climatic conditions in Sweden: shoots did not become fully frost tolerant ( Figure 6B ). Additionally, A70 had difficulty maintaining the degree of frost tolerance required to survive Swedish winters; thus, SER diff -25 in Sweden was lower in Week 48 than in Week 46, indicating loss of frost hardiness ( Figure 6B ). This premature loss of cold tolerance in A70 in Sweden was also observed in independent experiments using 1-and 2-year-old seedlings during two consecutive seasons (data not shown). Figure 7 shows a principal component analysis of the samples from the provenance experiment, based on the hybridization patterns of the descriptive gene set. Samples are arranged more or less diagonally, with the least cold-tolerant samples at the lower left and the more cold-tolerant samples at the top right of each panel. The A70 samples are concentrated at the lower left, whereas the local provenances samples are positioned more toward the top right of each panel, indicating their greater frost hardiness. The difference between the standard and the local provenance was larger in Sweden than in Denmark, which was expected because Swedish provenances need to be hardier than Danish provenances to survive conditions in their native habitat. From Week 48, bud samples from both provenances in Sweden had a transcript profile that was less indicative of high cold tolerance, but only in A70 seedlings did this decrease in cold tolerance result in a measurable physiological effect in the shoot. It is possible that, after the acquisition of cold tolerance, transcript amounts reached a lower TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TREE PHYSIOLOGY VOLUME 26, 2006 Table 2 . Transcript abundance of candidate marker genes in the climate room experiment and their correlation to physiological and environmental characteristics. Numbers indicate 2log relative transcript levels compared with the common reference (the common reference was the same in all experiments). Pearson correlations shown in bold are significant at the 0.05 level.
"steady state" that normally sustains frost hardiness. In A70 shoots, this frost hardiness was prematurely lost, resulting in seedlings unable to survive frozen storage under standard conditions (Dr. Eva Stattin, personal communication). Table 4 shows the expression ratios of the candidate marker genes in the provenance experiment, as well as the physiological and environmental parameters of each sample. The transcript levels of putative markers genes showed good correlations to both SER diff -25 and RDL, whereas the correlation between SER diff -25 and RER diff -5 was poor (0.38).
As a first step toward the development of a diagnostic tool for assessing hardiness of Scots pine seedlings, a prototype test was developed based on the relative RNA transcript abundances of the dehydrin2 and dehydrin5 genes (Figure 8 ). This test was based on RT-PCR combined with immunodetection of the amplified gene fragments. For immunodetection the nucleic acid lateral flow immuno assay (NALFIA) was used (van Amerongen and Koets 2005) . A mixture containing the amplified fragments was applied to the lateral flow system. At specific locations on the membrane antibodies are immobilized that capture specific labels attached to the amplified fragments. A second carbonated compound that binds to each amplified fragment was used to visualize the fragments on the membrane. Using this assay system on field samples from Denmark (Provenance A70), the large increase in RNA transcripts of dhn5 observed on the microarray from Week 41 to Week 43 is clearly visible, whereas dhn2 transcripts declined only moderately in this experiment (Figure 8) , as would be expected from the correlations and expression profiled found for these genes with the microarray. Combining this assay format with genes from Tables 1-4 that are highly (positively or negatively) related to cold tolerance, brings a useful practical assay within reach.
Discussion
Correlating physiology, climatic conditions and transcript abundance
We used a combination of climate room and field experiments to correlate transcript abundance to physiological characteristics and climatic conditions. In the climate room experiment, the influence of photoperiod and temperature on the development of cold hardiness was demonstrated by differences in shoot cold hardiness (frost tolerance) in the different climatic regimes ( Figure 2C ). Both shortening photoperiod and decreasing temperatures are effective signals for frost hardening in Scots pine, and the responses to photoperiod and temperature interact (Zhang et al. 2003 , Beck et al. 2004 . In experiments where Scots pine seedlings were exposed to different light regimes in ambient temperatures, a short photoperiod (9 h) induced hardening in late summer, whereas seedlings subjected to a long photoperiod (16 h) showed delayed hardening that started only after the first exposure to subzero temperatures (Beck et al. 2004 ). These observations are in accordance with the hypothesis that short days contribute to the development of hardening competence, rendering the seedlings more sensitive to the inductive effect of temperature (Zhang et al. 2003 , Beck et al. 2004 . Shortening day length also induces dormancy in the terminal meristem of trees so that during autumn, cessation of growth and acquisition of cold tolerance occur in concert, allowing seedlings to survive the cold winter in a quiescent, frost-tolerant state (reviewed by Horvath et al. 2003) . Dormancy in field-grown pine in the U.K. occurred in response to combined photoperiodic and thermoperiodic environmental cues, with the initial development of dormancy taking place in response to decreasing day length and the second stage occurring in response to low temperature, as previously reported by Taulavuori et al. (1996) .
A comparison of the physiological and molecular responses of the standard A70 provenance to climatic conditions at three locations indicated differences in onset and timing of cold tolerance induction that seemed to parallel differences in day length and temperature (Beck et al. 2004 , Zhang et al. 2003 . Transcript abundance of individual marker genes correlated well with the physiological and climatic parameters (Table 3) .
To assess the influence of genetic origin of the provenances on their physiological behavior, the standard A70 provenance TREE PHYSIOLOGY ONLINE at http://heronpublishing.com from Scotland was compared with the local provenances in Denmark (Lindås) and Sweden (Åmsele). Clear differences between the standard and local provenances were found at both locations, with the local provenance attaining high cold tolerance before the standard provenance. This difference in cold tolerance was accompanied by specific changes in transcript abundance indicating that local provenances had a more cold-tolerant transcript profile than the standard provenance. It has been documented that genetic origin plays a large role in photoperiodic sensitivity and that bud set, growth cessation and frost hardening occur earlier in northern provenances than in provenances from more southern origins (Hurme et al. 1997 , Repo et al. 2000 . Our study was designed to identify generally applicable markers for cold tolerance. Randomly selected samples from several experiments were used for molecular and physiological analysis. For each microarray hybridization, RNA from 25 apical buds was used, making the expression ratios found with the microarray representative of that of apical buds in the population. Because apical buds and apical shoot sections immediately below the bud show similar patterns in frost tolerance, we chose to use shoot sections for the shoot electrolyte leakage. This way, the same seedling batch could be used for molecular and physiological analysis. Microarray analysis of the buds revealed an increase in transcript abundance of genes involved in the acquisition of cold tolerance and a reduction in RNA transcripts of general metabolic genes, indicating that both developmental processes occurred in parallel and could be detected at the molecular level.
Candidate marker genes for physiological characterization
A subset of genes from the descriptive gene set was selected as molecular marker candidates for frost tolerance. Genes with a good positive or negative Pearson correlation to SER diff -25 are 1308 JOOSEN ET AL.
TREE PHYSIOLOGY VOLUME 26, 2006 Table 3 . Transcript abundance of candidate marker genes in the location experiment and their correlation to physiological and environmental characteristics. Numbers indicate 2log relative transcript abundances compared to the common reference (the common reference was the same in all experiments). Pearson correlations shown in bold are significant at the 0.05 level.
shown in Table 1 . The genes with a negative Pearson correlation (decreased expression during hardening) had smaller relative differences than those that increased during expression, perhaps because we started our experiments in Week 37 when growth was already slowing down. When using actively growing buds (harvested in June) for a hybridization experiment, much higher RNA transcript quantities were found for these genes (data not shown). A putative function was assigned for most genes in Table 1 and the most likely homolog from Arabidopsis identified; however, for some genes in Table 1 , no match could be found in the database, whereas for other genes the only match was an EST sequence from loblolly pine (Pinus taeda L.). Genes that were positively correlated to cold hardiness included antifreeze genes, LEA-like genes, metabolic genes and other stress-or ABA-induced genes. Antifreeze proteins have TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TREE PHYSIOLOGY VOLUME 26, 2006 Table 4 . Transcript abundance of candidate marker genes in the provenance experiment and their correlation to physiological and environmental characteristics. Numbers indicate 2log relative transcript levels compared to the common reference (the common reference was the same in all experiments). Pearson correlations shown in bold are significant at the 0.05 level.
been isolated from different plant species, and many were found to be homologous to pathogenesis-related (PR) proteins. The PR proteins are normally induced by pathogen infection as part of the plant's defence and often have fungal cell wall degrading activity or can inhibit fungal enzymes. In addition to their antifungal properties, certain PR proteins were found to have antifreeze activity, since they were able to bind to the surface of ice crystals and prevent crystal growth. Such antifreeze-PR proteins include β-1,3-glucanases, chitinases and thaumatin-like proteins (Griffith and Yaish 2004) . The class IV chitinase, β-1-3-glucanase and thaumatin-like genes that are expressed during cold acclimation in our experiments (Tables 1-4 ) could have antifreeze properties as well, explaining their cold-induced expression profile. The LEA proteins were first discovered based on their abundant expression in maturing seeds (Galau et al. 1986 ) and a number of LEA proteins were shown to be induced by dehydration and cold. Because of their hydrophyllic nature they are thought to act as molecular chaperones under water stress conditions, preventing protein aggregation during desiccation and freezing (Goyal et al. 2005) . The LEA proteins can be grouped based on conserved sequence domains, and members from different groups are thought to play different roles during desiccation and cold stress (Wise and Tunnacliffe 2004) . Dehydrins belong to the group 2 LEA proteins, and their expression and role during dehydration and cold tolerance have been studied extensively in several plant species (see Allagulova et al. 2003 for review). We found several LEA genes and dehydrins that were upregulated during cold acclimation (Tables 1-4) and could be useful as molecular markers for cold tolerance. Not all dehydrin RNA transcript abundances increased during cold acclimation. Members of the K2 class (dhn3-7) were upregulated during cold acclimation, whereas dehydrin1 (SK4 type) expression was unrelated to the physiological parameters (data not shown). Transcript quantities of the dehydrin2 (SK2 type) gene were weakly inversely correlated to cold tolerance in the provenance experiment, but not in the climate room or location experiments. It is possible that cross-hybridization occurred among the K2 type genes, which all showed an increase in RNA amounts during cold acclimation. The contrasting hybridization profiles of the SK4 and SK2 dehydrins indicate that different family members are differentially expressed and presumably play different roles during cold acclimation. As a first step toward a diagnostic tool for assessment of hardiness of Scots pine seedlings, we developed a prototype test based on the relative transcript amounts of the dehydrin2 and dehydrin5 genes (Figure 8 ). This quick and easy assay system allows confirmation of relative differences in dhn2 and dhn5 RNA amounts. When such a system is used in combination with the candidate marker genes described in this paper, a practical molecular field test for cold tolerance is within reach.
Some metabolic genes were induced during cold acclimation. Metabolites such as disaccharides, proline and other sugars or amino acids may allow the trees to cope with the freezing conditions by increasing the osmolarity of the crucial bud tissues. Sucrose synthase transcripts increased in the long-term after cold treatment of Arabidopsis (Pearce 1999) . Purple acid phosphatases (PAPs) hydrolyze phosphate esters and are often induced under low phosphate conditions. The Arabidopsis genome contains 29 PAPs (Li et al. 2002 ). An NaCl-induced soybean PAP has been implicated in the adaptation to salt stress through possible scavenging of reactive oxygen species, a role the Scots pine gene identified in our study might play during cold stress (Liao et al. 2003) .
Other stress-or defence-related proteins that were expressed during cold acclimation included pathogenesis-related (PR) proteins, defensin, metallothionein, pinosylvin synthase and an aluminum-induced protein. The PR proteins are induced in many plant species by pathogenic attack or environmental stress. The two PR genes found in our study are related to PR10, which in many species is encoded by a large gene family. For example, in Pinus monticola Dougl. ex D. Don., a large PR10 family was identified, whose members were differentially expressed in response to cold and wounding (Liu and Ekramoddoullah 2004) . Another gene that was expressed during cold acclimation was a defensin gene, containing a gamma-thionin domain. Plant defensins inhibit the growth of a broad range of fungi and are also induced upon pathogen attack (reviewed by Thomma et al. 2002) . It is possible that these defense-related genes are expressed during cold acclimation to prevent fungal attack during the quiescent period in winter, when little metabolic activity or de novo gene expression occurs. Metallothioneins are expressed in a large variety of plant tissues and are induced by several environmental conditions (Cobbett and Goldsbrough 2002) . The metallothionein we found appears to be a cold-acclimation-related member of this large gene family. Pinosylvin is a stilbene phytoalexin that normally accumulates in heartwood of pine trees. Pinosylvin synthase is induced by various stresses, but is not expressed in unstressed seedlings (Preisig-Muller et al. 1999) . We found that pinosylvin synthase is induced by cold in Scots pine buds.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com No putative function is known for the aluminum-induced protein found to be upregulated during cold acclimation. In a study on drought stress in loblolly pine clones, this same gene was upregulated by drought stress in one clone, but downregulated in another (Watkinson et al. 2003) .
Among the most rapidly and highly induced genes was that encoding ELIP1 (Early Light-Induced Protein 1). ELIP1, as well as ELIP2, share a similarity with chlorophyll a-b binding proteins, in being nuclear-encoded thylakoid membrane proteins expressed in response to light stress, and are thought to be photoprotective pigment carriers or chlorophyll exchange proteins. Expression of ELIP1 is long-term upregulated in Arabidopsis (Fowler and Thomashow 2002) . Initially, photosynthesis is repressed in Arabidopsis in response to cold, but in cold-acclimated leaves, transcript abundances of photosynthesis-related genes (chlorophyll a-b binding protein, Rubisco) increase, restoring photosynthetic activity (reviewed by Stitt and Hurry 2002) .
Another group of genes that is highly expressed during cold acclimation was represented by four contigs with homology to a water-deficit-stress and ABA-induced gene family from loblolly pine (Padmanabhan et al. 1997) , encoding four putative Pinus sylvestris members of this gene family. These genes contained an asr (ABA stress and ripening induced) signature that has been found in genes from many plant species. Spots corresponding to all four contigs had similar expression patterns, which could be the result of cross-hybridization among the four contigs. Finally, we identified two transcription factors that might play a role in the cold acclimation process. These were a HAP3 domain containing CAAT binding factor subunit and a member of the E2F transcription factor family. The CAAT binding factor subunit was shown to be transiently downregulated by low temperature (8 h after transfer to 4°C) in Arabidopsis (Fowler and Thomashow 2002) .
Transcripts that decrease in abundance during cold acclimation are important potential candidate genes for cold tolerance, when used in combination with a gene whose transcript abundance increases. A more accurate prediction of the cold tolerance of the sample tested can be achieved when simultaneously measuring transcript abundance from both the increasing and decreasing cDNAs and comparing these. We identified a relatively small number of down regulated genes and most of these are represented by a single clone, reflecting the fact that the libraries used for the cDNA microarray were enriched for genes that were highly expressed in cold-acclimated buds.
Many of the down regulated genes encode ribosomal proteins or ubiquitin, reflecting the decrease in protein synthesis and degradation activity during fall. The decrease in quantity of tubulin and xyloglucan endotransglycosylase mRNAs during cold acclimation might reflect a reduction in cell division and expansion because the products of these genes are needed for cellular structure and cell wall elongation and restructuring, respectively. Seven cDNA clones were found to encode calmodulin, indicating its abundance in the cDNA libraries used to produce the microarray. Expression of this gene was negatively correlated to cold acclimation, and RNA transcript quantities showed a moderate, but reproducible, drop during the cold acclimation process. Because Ca signalling is thought to play an important role during the cold stress response and different calmodulin family members have been shown to be transiently induced or repressed by cold stress (Fowler and Thomashow 2002) , the role of this gene in the cold acclimation process remains unclear.
The genes described in Tables 1-4 are potential markers that could be used to assess the physiological state of a seedling. That many of these genes exhibit a similar cold-related expression pattern in other species indicates that the marker genes identified in this study for Scots pine might be applicable in other species as well. Several of these genes have been identified in a separate study as potential molecular markers for cold tolerance in beech (Fagus sylvatica L.), indicating the applicability of our work to angiosperms (authors' unpublished observations). The expression profile of four potential marker genes in Scots pine was independently measured by northern analysis, confirming the microarray results. Our results provide a solid basis for developing easy to use molecular assays for cold tolerance.
